| INTRODUCTION
Nut allergy is a heterogeneous disease including mild pollen-induced cross-allergy, as well as primary allergy with life-threatening anaphylaxis.
Double-blind placebo-controlled challenge is the reference standard in food allergy diagnostics, and studies on other diagnostic tests should be based on this. 1 By conducting a challenge, the threshold for reactivity and severity of symptoms can be determined. The threshold dose for 1% of patients to react is as low as 0.2 mg of peanut protein. 2 Cross-reactivity between peanut and tree nuts is common when examined with whole extract-based tests, 3 and avoidance of all species is commonly advised in case of suspicion of allergy to peanut or tree nut. 4 The growing possibilities of examining species-specific stable allergen components increase knowledge of the diagnostic performance of the tests and of overall sensitization profiles of individuals.
As for Northern America and Europe, 5, 6 peanut allergy in the Finnish population can be accurately predicted with positivity to Ara h 2 and Ara h 6. 7 These allergens are 2S albumins, which
show good diagnostic performance also in hazelnut 8 and cashew 9 allergies. Other seed storage proteins in peanut are vicilin Ara h 1 (7S globulin) and legumin Ara h 3 (11S globulin). 10 Simultaneous sensitization to several seed storage proteins indicates more severe allergy. 11 Sensitization to labile PR-10 protein Ara h 8 associates generally with asymptomatic sensitization or only mild symptoms, commonly oral allergy syndrome. 12 Ara h 9 sensitization is most prevalent in the Mediterranean 13 and may associate with severe symptoms, but less frequently than Ara h 2 and Ara h 6. 14 Sensitization rate to birch pollen increases with age until young adulthood and is as high as 25% in northern Europe. 15 Bet v 1 drives sensitizations to other PR-10 proteins and is a major cause of cross-reactivity. 16 This easily leads to suspicion of severe nut allergy and prescription of precautionary avoidance diets.
ImmunoCAP ISAC microarray of 112 allergens includes six pea- Ara h 8 originate from birch, alder and hazel tree pollens, apple, celery, kiwi fruit, peach, hazelnut and soya bean. Ara h 9-cross-reactive lipid transfer proteins are derived from walnut, hazelnut, peach, apple, wheat and several pollens.
Our aim was to study the performance of ImmunoCAP ISAC 112 in peanut-allergic and peanut-sensitized, but tolerant, children and adolescents in an area with very high birch pollen exposure. In addition, we studied the avoidance of tree nuts and sesame seed, and how the component-specific diagnostics prevent unnecessary avoidance diets.
| METHODS
We enrolled 102 children and adolescents in a study on peanut allergy in the Helsinki University Skin and Allergy Hospital. The clinical protocol for patient inclusion and double-blind peanut challenges are described in Kukkonen et al. 7 Briefly, these children and adolescents were referred to a specialist care centre for suspicion of peanut allergy. Eligible patients had a strong sensitization to peanut (skin prick test ≥8 mm or peanut-specific IgE ≥15 kU/L) or a weaker We assessed the challenge results as positive and negative, and based on severity. The severity was scored according to symptoms and the eliciting allergen dose. Score 1-5 indicated mild, 6-13 moderate and 14-23 severe reactions. 7, 18 We examined avoidance diets with a questionnaire including peanut, hazelnut, almond, cashew, pistachio, walnut, pecan, Brazil nut, macadamia, coconut and sesame seed. Skin prick tests were conducted for the same species. For the skin tests, raw ingredients were ground and mixed with 0.9% saline. The skin of volar forearm was pricked with a single-headed lancet using a prick-prick method.
Histamine hydrochloride (10 mg/mL) and saline were used as positive and negative controls. After 15 minutes, the weal sizes were measured and at least 3-mm weal sizes were documented as millimetres. We considered ≥3 mm weal positive. For threshold distribution curve, individual discrete and cumulative no observed adverse effect levels (NOAELs) and lowest observed adverse effect levels (LOAELs) were established in all patients for objective symptoms. The discrete and cumulative individual NOAELs and LOAELs were analysed with interval-censoring survival analysis (ICSA) and fitted to population threshold distribution curves (TDCs) from which eliciting doses (EDs) could be determined.
The ED05, ED10 and ED50, or the eliciting doses respectively predicted to provoke reactions in 5%, 10% and 50% of the population, were estimated using the lognormal, log-logistic and Weibull parametric models.
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The detection limit for ImmunoCAP ISAC was 0.3 ISU-E and this was also defined as the sensitization cut-off. Detection limit for (Figure 2 ). All PR-10 proteins showed higher IgE levels in the challenge negatives, although the differences were not statistically significant (Table 3) .
For the whole patient population, skin prick weal sizes were highest to peanut, hazelnut and almond. Cashew, peanut, walnut, sesame seed, pecan and pistachio weal sizes correlated moderately to strongly with IgE levels to the respective 2S albumins, whereas hazelnut correlated only weakly (Table 2) .
Sensitization profiles of the peanut allergic and tolerant were similar except for peanut seed storage proteins Ara h 1, 2, 3, 6 and soya bean Gly m 6. Specific IgE to Ara h 1, 2, 3 and 6 was higher in the challenge positives (P < .0001). IgE to Ara h 8 and 9 showed no difference between the groups (Table 3 ). Monosensitization to Ara h 8 was present in 25 patients, of which four had mild reaction (1-3 points) and other 21 had no reaction in the peanut challenge.
Monosensitization to Ara h 9 was not present in our study population. IgE to Gly m 6, an 11S globulin from soya bean, showed a higher level in the challenge positives, and overall 41 patients (41%) P R -1 0 a l l e r g e n s
Plant-food allergens Plant aeroallergens
A n i m a l a e r o a l l e r g e n s
Animal-food allergens L T P a l l e r g e n s Tables 3 and S1 .
All patients with moderate-to-severe reaction were sensitized to Ara h 2 and/or Ara h 6. One patient showed sensitization only in
ImmunoCAP to Ara h 2 (1.28 kU/L) and was negative to Ara h 2 and Ara h 6 in ImmunoCAP ISAC. Overall, in the moderate-to-severe reactors, the levels of Ara h 2 and Ara h 6 were equally high, measuring 25 ISU-E (P = .38: 4.3-62 IQR vs 4.6-72 respectively).
Sensitizations to Ara h 1 (10%) and Ara h 3 (2%) were rare in the negative-to-mild group. In the moderate-to-severe group, IgE levels were significantly higher for both Ara h 1 and Ara h 3 (P < .0001 for both allergens) than in the negative-to-mild group. Overall, in the moderate-to-severe group, Ara h 1 showed higher levels than Ara h 3 8.9 ISU-E (0.2-36) median (IQR) vs 0.9 (0-7.9), P < .001
respectively. Ara h 8 sensitization was frequent in the whole population (78%), and the levels did not differ between the negative-tomild group 7.9 (2.1-27) median (IQR) compared to moderate-tosevere group 3.8 (0.4-13) P = .15. Ara h 9 sensitization was generally rare, 6 (6%) ( Figure S2 ).
For discriminating challenge positives and negatives, Ara h 2 and Ara h 6 were the most important allergens in the ImmunoCAP ISAC ( Figure S3 ).
The avoidance of tree nuts was common (52% coconut to 96% pecan) in patients with suspected peanut allergy. The most common species that patients had never eaten were pecan (96%), macadamia (94%) and Brazil nut (94%). In contrast, almond and coconut had been eaten by nearly half of the patients. Only 26% reported no known ingestion of sesame seed. Skin prick tests were commonly positive also in patients who had always avoided a specific species, and this was observed especially for hazelnut. Although most patients had never knowingly eaten a specific species and had sensitization in skin prick tests, sensitization to the respective seed storage proteins was uncommon (sesame seed 2% to pecan 44%), Pecan T A B L E 3 Specific IgE to plant food allergens and two additional PR-10 aeroallergens in the challenge negatives and positives
Allergen
Challenge negative (n = 33) Challenge positive (n = 67) Statistical significance tested with Mann-Whitney U, P < .0004 in bold. Cut-off for positive is 0.3 ISU-E in ISAC microarray and 0.35 kU/L in Immuno-CAP. Allergens with medians and 75 percentile <0.3 ISU-E are presented in the Table S1 except peanut and soya bean allergens. a n = 98.
UOTILA ET AL.
| 717
was assessed with the cross-reactive walnut Jug r-allergen components. In patients who had never eaten a specific tree nut, almond and hazelnut skin prick tests were positive in nearly all patients whereas Brazil nut, pecan and coconut showed skin prick positivity in under half of the patients (Figure 3 ).
When considering skin prick positive patients, some had eaten the specific species. Especially sesame seed and almond were eaten by several sensitized patients without symptoms (Table 4 ).
| DISCUSSION
We have shown that peanut-allergic and tolerant patients in a birchendemic area have similarly high prevalence of PR-10 sensitization.
Peanut-allergic patients had higher IgE levels to peanut seed storage proteins, especially Ara h 2 and Ara h 6. In these highly birch-sensitized patients, skin prick tests were positive to several tree nuts, and patients avoided many of these species. However, sensitization to species-specific proteins in tree nuts was uncommon.
When comparing the threshold distribution curves based on our data to a larger, previously published multinational allergen threshold database, no significant population differences were observed. Ara h 8 sensitization was very common in our patients, and it occurred equally in peanut tolerant and allergic patients highlighting the fact that it is pollen cross-reactivity and unassociated with true challenge-confirmed peanut allergy. In somewhat contrast to Ackerbauer et al, we do not recommend testing Ara h 8 as it seems not to add any value in differentiating severely allergic from tolerant. 21 In line with IgE to Ara h 8, neither of the other PR-10 protein sensitizations differed between the negative and positive challenge groups. IgE levels to PR-10 proteins were slightly higher in the challenge negatives, though not statistically significant. We hypothesize that strongly PR-10-sensitized patients were more probably suspected of having true peanut allergy and therefore have been more probably selected to our study population. In our previous study with a large registry of skin prick tests, 3 mean skin prick weal size to birch pollen was 2.3 mm in 6-to 18-year-olds, whereas in this population it was 4.9 mm. In addition, seasonal mild symptoms due to PR-10 sensitization may have occurred in the history of these patients, which has further enhanced the suspicion of true peanut allergy. Thus, in these patients, the food challenge is particularly C a s h e w H a z e l n u t W a l n u t B r a z i l n u t S e s a m e s e e d P i s t a c h i o P e c a n A l m o n d useful in ending unnecessary avoidance of peanut. We conducted the study challenges out of pollen season in all patients that had pollen sensitization.
Ara h 9 sensitization was rare in our study population and was unassociated with the threshold dose. This is in line with other reports from northern European populations. 13 No differences were present in either of the patient groups in other lipid transfer proteins.
Vicilin Gly m 6 from soya bean showed higher sensitization rates in peanut-allergic patients. This is similar to Hong et al 22 Avoidance of tree nuts was common in our patients. Of all species, coconut, almond and sesame seed showed lowest rates of avoidance, which might be due to higher consumption of these species in our diet, and the fact that sesame is a seed, and almond and coconut are sometimes considered unincluded to the group of culinary nuts. Coconut has been shown to have minor cross-reactivity with other tree nuts and peanut and to be botanically distant. 26, 27 As sesame seeds are included in many convenience food hamburgers as well as Middle-Eastern and Oriental foods, their consumption may also have increased in Finland during the past years. The very high rate of avoidance of Brazil nut and macadamia is probably affected by an overall lower consumption of these species and their strangeness to the families. By studying IgE to the available seed storage proteins, we were able to show that sensitization to these proteins was infrequent, even though sensitization to the whole tree nut species in skin prick tests was common. The high rate of sensitization in skin prick tests is caused by birch cross-reactivity. The low T A B L E 4 (a) Patients that reported never having eaten a specific tree nut or sesame. Proportions of patients that had SPT and/or speciesspecific tests negative and could potentially introduce the species into the diet. 31 The ISAC platform includes several important peanut, tree nut and seed allergens, although it would benefit from including hazelnut and cashew 2S albumins Cor a 14 and Ana o 3, which currently are available only in singleplex tests.
We hypothesize that the families' vision of cross-contamination risk is an important factor leading to avoidance of all species that may be considered nuts or seeds in a culinary sense. 32, 33 Avoidance of species, of which specific allergens the child is not sensitized to, may be feasible considering the risk of cross-contamination. 33 However, the unnecessary avoidance may prevent the development of oral tolerance to these species. 34 One strength of our study is that all patients were double-blind placebo-control challenged. We are limited by the fact that lower doses in the challenge protocol are needed if one would like to conduct a more detailed analysis of the Finnish ED05 and ED10. However, the challenge doses were optimally selected to diagnose clinical allergy to peanut, and the study population was representative of the generic allergic population. By conducting a comprehensive questionnaire, we were able to analyse the avoidance of wide spectrum of tree nuts in addition to peanut. We are limited to assessing sensitization to these species as challenges were performed only to peanut. We want to emphasize that despite negative species-specific tests, previously avoided tree nuts should be introduced with caution because some allergens may still remain unknown and could induce severe symptoms. 35 In conclusion, ImmunoCAP ISAC shows high sensitization to PR-10 proteins in peanut-allergic and sensitized, but tolerant patients, and we do not recommend Ara h 8 for diagnosing peanut allergy.
IgE to peanut seed storage proteins are high in truly peanut-allergic patients, and the 2S albumins Ara h 2 and Ara h 6 have the best diagnostic accuracy. Avoidance of several species is common in patients with suspicion of allergy to peanut, and skin prick tests are positive in the majority of patients. However, species-specific sensitization to tree nuts is uncommon. Thus, based on species-specific allergen tests, most patients could potentially introduce several previously avoided tree nuts into their diet.
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